Chapter 9

Different time scales

In this chapter we treat some variations on the minimizing-movement scheme motivated
by some time-scaling argument.

9.1 Long-time behaviour

We will consider a new parameter A > 0 and follow the iterative minimizing scheme from
an initial datum xy by considering zj; defined recursively as a minimizer of

orl 1
min{ $F(x) + 5l — i ]*} (9.1)
A 2T
and setting u”(t) = u™Mt) = z|¢/r|- Equivalently, we may view this as applying the
minimizing-movement scheme to

min{ () + 2l — s 112} 9.2)

Note that we may compare this scheme with the usual one where x; are defined as min-
imizers of the minimizing-movement scheme with time scale n = 7/A giving u" as a dis-
cretization with lattice step . Then we have

. t
u () = Ty = pajan) = U (x)

Hence, the introduction of A corresponds to a scaling of time.

Note that this process may be meaningful also if F. = F' is independent of €. In this
case, as 7 — (0 we obtain the minimizing movement along F) = %F with A in place of
¢ in the notation used hitherto (of course, being a matter of notation, up to a change of
parameters we can always suppose that A — 0).
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We now first give some simple examples which motivate the study of time-scaled prob-
lems, also when the unscaled problems already give a non trivial minimizing movement.

Example 9.1.1 Consider in R? the energy
1
Fe(x,y) = 5(@* +ey”).

The corresponding gradient flow is then
{3:’ =z
y' = —ey,

(z=(t), e (t)) = (zoe ™, yoe ™).
These solutions converge to (x(t),y(t)) = (roe™t, yo), solving
{x’ =z
y' =0,
which is the gradient flow of the limit F(z,y) = 322. Note that

lim_(2:(t),y2(1)) = (0,0) # (0,90) = lim (x(t), y(t))

t——+o0

with solutions of the form

The trajectories of the solutions (z¢,y.) lie on the curves

Yy _ (E)E
Yo Z0o
and are pictured in Fig. 9.1.
The solutions can be seen as superposition of (z(t),y(t)) and £(zso(t), Yoo (t)), where

(-Too(t)’ Yoo (t)) = (07 e_t)

is the solution of
=0
Y =y

The solution (Zso, Yso) can be obtained by scaling (x, y-); namely,
(Zoo (1), Yoo (1)) = lim(a(t/€), y=(1/2))-

In this case the scaled time-scale is A = €. Note that the limit of the scaled solutions does
not satisfy the original initial condition, but its “projection” on the set of (local) minimizers
of the limit energy F (or, in other words, the domain of the limit of the energies %FE)
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Figure 9.1: trajectories of the solutions, and their pointwise limit

Example 9.1.2 A similar example can be constructed in one dimension, taking, e.g.,

Fe) = 5a*+ %((m 1)V 0)2,

If x9 < —1 then the corresponding solutions z. satisfy:
e the limit z(t) = lim._, x.(t) solves

=—-z+1
x(0) = mo,

which corresponds to the gradient flow of the energy
1
F(z) = S (o] = 1) v 0)*.

e the scaled limit xo () = lim._0 z-(t/c) solves

{fa "

which corresponds to the gradient flow of the energy

1
Foo(x) = ;lir(l) EFE(Z') .

In this case the initial datum is the projection of xy on the domain of F..

Remark 9.1.3 In the previous examples we faced the problem of defining a minimizing
movement for a sequence of functionals F. (I'-)converging to a limit F' when the initial data
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xg converge to a point xy ¢domF. Note that in this case the approximating trajectories
u® are always defined if one can define z§; i.e., a solution of

) 1
mm{Fg(:c) + EHx - a:oHZ},

or equivalently of
min{27F.(z) + ||z — 2o||* : € dom F},

after which 2] € domF and we apply the theory already studied. Note that if domF' is a
closed set in X then 2] converge to the projection x; of z¢p on dom F', so it may be mean-
ingful to directly study the minimizing movements from that point. Note however that,
as always, the choice of initial data ] — x; may provide a choice among the minimizing
movements from x7.

We now give more examples with families of energies F. I'-converging to a limit F.
Since we are mainly interested in highlighting the existence of a time scale A\ = A at which
the scaled motion is not trivial, we will make some simplifying assumptions, one of which
is that the initial datum be a local minimizer for F', so that the (unscaled) minimizing
movement for the limit from that point is trivial.

Example 9.1.4 We take as F' the 1D Mumford-Shah functional on (0, 1) defined by

1
F(u) = /0 ! 2dt + #(S(u)),

with domain the set of piecewise-H! functions. We take
1 + —
ut —u
F.(u) = / [/ | dt + E 9(7’ |>,
0 e
S(u)

where ¢ is a positive concave function with

lim g(z)=1.

Z—+00

We also consider the boundary conditions
u(0—) =0, u(l4) = 1.

We suppose that

e 1 is a local minimizer for F; i.e., it is piecewise constant;

o #(S(up)) = {xp, z1} (the simplest non-trivial local minimizer) with 0 < zo < 1 < 1;
e competing functions are also piecewise constant.
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With these conditions, all minimizers u; obtained by iterative minimization satisfy:

° S(uk) C {l’o,xl}.

We may use the constant value zj of up on (zg,z1) as a one-dimensional parameter.
The minimum problem defining zj is then (supposing that zy > 0 so that all z; > 0)

mln{%(g(g) —I—g(l ; Z)) + %(301 —x0)(z — Zk—l)g},

B L (2) (152,

As an example, we may take

which gives

so that the equation for z; becomes
2k — 21 € 1 1
s )
T A

This suggests the scale

A=g¢g,
and with this choice gives the limit equation for z(t)

, 1-2z2
Z = — .
(1 —x)22(2 — 1)2

In this time scale, unless we are in the equilibrium z = % the middle value moves towards
the closest value between 0 and 1.

As a side remark, note that a simple qualitative study of this equation shows that if
the initial datum is not 1/2 then z = 0 or z = 1 after a finite time, after which the motion
is trivial. Note that the limit state is a local minimum with only one jump.

Example 9.1.5 We consider the same functionals F' and F. as in Example 9.1.4 with
an initial datum with three jumps satisfying the same Dirichlet boundary conditions
u(07) =0, u(1*) = 1 and the same assumptions as before.

With the notation used above, the minimum problem is

o (252) o (252 (52)

1 _ _
+5- (@ —a0)lz0 = 7P + (e =2l — A7 2) ) (939)
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Differently from the previous case, now we have to compute a gradient as a function of
2o and 21, the constant values of u respectively on (xo,z1) and (x1,z2). Hence, the Euler
equations for (9.3) give the following system for 25 and 2f:

k k—1 k k k

20— *0 1 1 %0 [ 21— *0
—gg) 00— D) g (120 9.4
(1 = 20) T /\e(g(s) g< € ))’ (9-4)

ok okl 1 2k ok 1— 2k
ot LA (), e

For the sake of illustration, we may take the same ¢ as in the previous example, so that
equations (9.4) and (9.5) become

Sk k-1
(21— z0) 020 _ _§<( 1 1 "f)?)’ (9.6)

T e+28)2  (e+2F -2k
k k—1
2y — 2y € 1 1
To—x)——— = —— — . 9.7
@2 = m) = erd = Erioa) 7
This suggests the scale
A=¢, (9.8)
and with this choice the limit equations for zy(t) and 2z, (¢t) are
, z1(z1 — 220)
Zy = — , 9.9
° (21 = 70)25 (21 — 20)? (89)
1-— z2 — 221(1 — Z(])
7 o= - 0 : 9.10
I e (e (910
In this time scale, it is easy to see that the gradient is zero when (zo, 21) = (%, Hézo),

so we can have the following different behaviors:
e Equilibrium point. For the initial datum (Zy,%1) = ( %, %) the motion is trivial;

o If 2y is larger than the equilibrium point, then z| > 0 and the constant value zp will
increase towards z1, otherwise it will decrease towards zero. The same holds for z;
between zy and 1.

It must be noted that if the initial datum is not an equilibrium point then after a finite
time one of the jump sizes vanishes, after which we are back to the previous example. In
Figures 9.2-9.5 we picture four stages of the evolution computed numerically.

A further simplified example is obtained by taking symmetric initial data zo — x1 =
x1 — 29 =: L and 29(0) = 3 — wp and 21(0) = & + wp with 0 < wg < 1/2, for which the
motion is described by a single parameter w(t) satisfying

,_ 33 tw)(w—75)
C4L(3 - w)w?
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Figure 9.4: Iteration n. 60 Figure 9.5: Iteration n. 100

in which case the equilibrium point corresponds to wy = 1/6, and otherwise after a finite
either we have w = 0 (which gives zp = 21 = 1/2; i.e., the equilibrium point with two
jumps) or w = % (which gives zp = 0 and z; = 1; i.e., a final state with only one jump
point

Example 9.1.6 In the framework of the energies considered in the previous example, we
not consider the case when we do not impose boundary conditions. To make it easier we
consider the case in which there are only two jumps in zg and x;, with 0 < 29 < 21 < 1,
and a piecewise-constant initial value:

zo if 0 <z < x
up(x) =1 2z faxg <z <z (9.11)
2 ifry <<l

where we consider 0 < zp < 21 < 29 < 1 for simplicity. In this case, differently from the
previous one, since the value of u at the boundary points is not prescribed, then all these
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values can change in time. In order to study the minimizing movement, we now need to
consider the derivatives with respect to zp, 21, 22. What we get is:

! ! LI S
TN 1L zmm=0\2 T~ — = 12
eX (14 2s20)2 + %ol — 2 ) 0 (9.12)

1 1 1 1 k k—1
— - (21— - =0 9.13
S ((1 + z1;z0)2 (1 + zg;zl )2) + T(xl :UO)( 2 ) ( )

1 1 1 k k—1
~ T s T -1 — — = 14
o armmyp T ATwEmE) =0 (949)

This suggests again the scale A = . With this choice, we find:

1 1
pA 9.15
“0 zo (21 — 20)2 (9.15)
g 1 . (22+20—221)(22—20)
! (x1—20) (21 —20)(22 — 21)?
— 1 1
= - 2750 ( - ) (9.16)
(x1 —x0)(21 —20)(22 —2z1)\21 —20 22— 21
1 1
zy = — (9.17)

(1= 1) (22 — 21)?

We observe that z(, is always positive, while 24 is always negative, which means that the
first constant will increase in time and the second one will decrease, trying to reduce again

the number of the jumps. 2] is zero at %; above this value it becomes positive, and
under this value it becomes negative.

Example 9.1.7 We consider another approximation of the Mumford-Shah functional: the
(scaled) Perona-Malik functional. In the notation for discrete functionals (see Section 3.4),

we may define
2
ZH log( +5|10g5|‘$‘ >

Note that also the pointwise limit on piecewise-H! functions gives the Mumford-Shah
functional since

1
lim —— log(l + ¢l log 6]22> =22
e—0 ¢|loge|

and )
1
lim —— log< + |log5\w—) =1
e—0 ’ 10 ‘ 3

for all w # 0.
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As in the Example 9.1.4, we consider the case when competing functions are non-
negative piecewise constants with S(u) C S(ug) = {xo,z1} and with the boundary con-
ditions u(0—) = 0,u(14) = 1. The computation is then reduced to a one-dimensional
problem with unknown the constant value z; defined by the minimization

2

min{)\“ig€| <log(1 + | 10g€|%> + log(l + |log5](z_€1)2)) + %(m —x0)(2 — zk,l)z},

which gives the equation

( )zk — 2L 2 ( z n z—1 )
xT]— Tp)——— = —— .
oo A\e+|loge|z?2 e+ |loge|(z —1)2
This suggests the time scale
1
A= —
log <]
and gives the equation for z(t)
, 2 1- 2z

zZ = —

(z1 — 20) 2(1—2)’

which provides a qualitative behaviour of z similar to the previous example.

Example 9.1.8 We now consider the sharp-interface model with

F(u) = #(5(u) N[0, 1))

defined on all piecewise-constant 1-periodic functions with values in +1. For F" all functions
are local minimizers.

We take

Tl
F.(u)=#(S@n0,1)— > e =,
z;€[0,1)NS(u)

where {z;} = S(u) is a numbering of S(u) with z; < x;41.

We take as initial datum ug with #(S(uo)) = 2; hence, S(ug) = {xo,y0}, and, after
identifying ug with Ag = [x0, 0], apply the Almgren-Taylor-Wang variant of the iterative
minimization process, where the distance term o [lu — uj_1||? is substituted by

1
- / dist(z, 0Ak_1) d.
ANAj_y

T

The computation of A; = [z1,y1] is obtained by the minimization problem

1 —z z— 1
min{— (75 + e ) 4 (@ - 20 + - w0 ),
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which gives

1 — X0 1 ( _(wi—=1) _(1+I1*y1)>
= —\ e 5 — e £
T e
Y1 — Yo 1 ( _(i—=z1) _(1+¢1—y1)>
= —\ e € — € € .
T EA

Let yo — 29 < 1/2; we argue that the scaled time scale is

1 _wo-=o
A=—-e = |
€
for which we have
1 — o ( _ (w1—yo—=1+xq) _ 4z —z9—y1+Y0) )
= e 5 — e €
-
Y1 — Yo ( _ w1—vo—=1+20) (1+I1*Io*y1+yo))
= —le E —e E .
i
In terms of L, = yp — x; this can be written as
Ly — Ly _(Ly—Lg) _(+Lg-Ly)
e | (e B
-

Under the assumption 7 << ¢ we have in the limit
L' = —2(60(1) — e*é“’(l)) =-2,

which shows that the two closer interfaces move towards each other shortening linearly
their distance.

9.2 Reversed time

In a finite-dimensional setting a condition to be able to define a minimizing movement for
F is that

1
u— F(u) + —|u — 1 (9.18)
2T

be lower semicontinuous and coercive for all w and for 7 sufficiently small. This is not in
contrast with requiring that also

1
u— —F(u) + —|u —a]? (9.19)

2T
satisfy the same conditions; for example if F' is continuous and of quadratic growth. Note
that this can be seen as a further extension of the time-scaling argument in the previous
sections with A = —1. If the iterative scheme gives a solution for the gradient flow, a
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minimizing movement u for the second scheme produces a solution v(t) = u(—t) to the
backward problem
V' (t) = —F(v(t)) fort<0
{ v(0) = up

In an infinite-dimensional setting the two requirements of being able to define both the
minimizing movement (9.18) and (9.19) greatly limits the choice of F, and rules out all
interesting cases. A possible approach to the definition of a backward minimizing movement
is then to introduce a (finite-dimensional) approximation F; to F', for which we can define
a minimizing motion along —F.

We now give an example in the context of crystalline motion, where we consider a
negative scaling of time.

Example 9.2.1 We consider in R?

F(A) = /BA vl dH,

and F. the restriction of F' to the sets of the form

U{5i+ <—%,§>2:i€B},

where B is a subset of Z2. Hence, we may identify these union of e-cubes with the corre-
sponding B. Even though this is not a finite-dimensional space, we will be able to apply
the Almgren-Taylor-Wang scheme.

We choose (with the identifications with subsets of Z?) as initial datum

€ €\2
0= Oa 0)} = (_77 7) 5
and solve iteratively

min{—%FE(A) + ! /A\AE distoo (2, 0A%_;) daz} .
k—1

T

with A = A\; > 0 to be determined. In the interpretation as a reversed-time scheme, this
means that we are solving a problem imposing the extinction at time 0.

Note that taking F' in place of F; would immediately give the value —oco in the minimum
problem above; e.g., by considering sets of the form (in polar coordinates)

A5 = {(p,0) : p < 32 + esin(jo) },

which contain Af, are contained in By, (0) and have a perimeter larger than 4je.
Under the assumption that ¢ << 7 all minimizing sets are the checkerboard structure
corresponding to indices i € Z? with i; + io even contained in a square Q) centered in 0
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Figure 9.6: enucleating sets

(see Fig. 9.6). We may take the sides Ly of those squares as unknown. The incremental
problems can be rewritten as

min{—%((Lk_l FALY? -2 )+ %(Lk_l(ALV sr(an?) ),

with 7, negligible as 7 — 0. For the interfacial part, we have taken into account that for
¢ small the number of squares contained in a rectangle is equal to its area divided by 2¢2
and each of the squares gives an energy contribution of 4¢; for the distance part, we note
that the integral can be equivalently taken on half of Qx \ Qx—1. Minimization in AL gives

AL 2 (1 . AL )
T N EA Lk,1 '
Choosing A = %, we obtain a linear growth
L(s) =2s.

What we have obtained is the description of the structure of e-squares (the checkerboard
one) along which the increase of the perimeter is maximal (and, in a sense, the decrease of
the perimeter is maximal for the reverse-time problem).

9.3 Reference to Chapter 9

The literature on long-time behaviour and backward equations, even though not by the
approach by minimizing movements, is huge. The long-time motion of interfaces in one
space dimension by energy methods has been studied in

L. Bronsard and R.V. Kohn. On the slowness of phase boundary motion in one space
dimension. Comm. Pure Appl. Math. 43 (1990), 983-997.

Examples 9.1.5 and 9.1.6 have been part of the course exam of C. Sorgentone and S. Tozza
at Sapienza University in Rome.
I acknowledge the suggestion of J.W. Cahn to use finite-dimensional approximations to
define backward motion of sets.



